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,

13&ic_ktonoccmrtng at hi@ slidingvelocitiesof sulfur-type
exfmme-~essure lubricantswas investigated. Experimentalevidence
is presentedthat indicatesthe existenceof a limitingand critical
conditionof slidingvelocity.

The experimentswere perfmmed with an apparatusincorporating
meansfor measuringSlidtngfrictionthat consistsbasicsUy of an
elasticallyrestrainedsphmical rider slidingin a spiralpati on
a rotatingdisk. me disk specimenswere lubricatedwith cetane
(normalhexadecane)and wZth ceti containingtiee sulfuror benzyl
disulfide. The effectsof concentrationof free sulfuron f%iction

/ and -ace damagewere detemined. The expmimentswere conducted
overa rangeof slidingvelocitiesbetween50 and 6000feet per min-
ute witi lcadefrom 269 to X543 grems (126,000to 225,000lb/sqin.,
initialHertz surfacestress). Supplemmxkl studiesof flriction
specimenswere made using staxikd @l@@> chemical,and mtd- ~
lurgicalequipmentemd techniques.

The theoryis advancedthatrate of chendcalreactionbetween
surfacesand additivesis a Malting factorin lubricationby e2trem0-
~essure additivesof surfacesoperatingat high slidingvelocities.
M suppofiof this theory,the experimentsindicatedlulmication
failuresat high slidingvelocitiesfor solutions-ofsulfurin cetane.
Above the criticalvelocity,frictionincreasedand mass surface
weldingoccurred. Variationsin load emd in sulfurconcentration
had no appreciableeffecton the slMing velocityat which theinitial
lubricantfailureoccurred.

Experimentswith pure cetaneon cleansteeland on a solid
ferrous-sulfidefilm indicatethat cetanemy fail as a boundary
lubricantby oxhlationand that it influencestie chemicaland physical
processesin sliding,whichdetemine the degreeand sevcri~ of
surfacefailure. !Be rolesof the base lubricantand of the additives
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couldmt he so isolated
of sulfuradditiveswith
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as to suggestthe possiblereaction~uct
steelsurfaces.

INTR~oN

h the yast,researchdatarehtive
cantadditiveshave been obtainedeitb~

to extamm-~essure lubri-
with experimentalapparatus

incorpmatingvery low slidingvelocitiescm with.actualgearassem-
bliesby whichdetemdnation of tie surfaceconditims is difficult
(becauseof imgetiecttooth~ofile,timlinement,and otheremors).
It is psrticukrlydifficultto detmmine surfacecontactpressures
under suchconditions.Thesefacts@ose definiteMtations and
restrictionson the researchresultsand indicatea need for data
obtafmd undera widerrangeof conditionssuchas an extensionto
hi@ slidingvelocities.The fundamentall.indtations of the lubri-
cationby extreme-yressureadditivesmust alsobe determined.

Mtton and co-workers(reference1) and Beeckand co-workers
(reference2) have suggestedtheoriesof lubricationby additive
agentsthat imvolveeitherchemicalreactionor chemicsl“polishing.”
It is statedin reference1 that: “. . . the functionof textmme-
~essure’ siltitivesin ~Oia lubricants[is to~ form fUms of luw
shearstiengthcapableof wtthstsnMng temperaturesproducedby
veryhigh tooth~essures.n Thesefilmsme fO-a by chemical
reaction. On the otierH, it is shuwnin reference2 that,in
the caseof wear-reductionagqntsjthe mechanisminvolvesthe alloy-
ing of the additiveagentwith the metal surfaceto form low-melting-
pointeuticticsto producechemicalpolishing. M the use of addi-
tiveagentsof tie chemical-reactiontype,the @mry considemtion
has been that of midmizing corrosiveteribmcieswhile obtaining
wlequatelubricationratherihan-t of obtainingoptimumlubri-
cation. Chtical reactionmust al.sabe studiedunder certaincon-
ditions,suchas at high slidingvelocities.

Analyticalconsiderationssuggestedthe thecmythatlimiting
conditionsof slidingmay be reached>underconditionsof higjhslid-
ing velocities,when the rate of slidingexceedsthatrab at which
effectivechemicalreactionbetweenaiidttiveand slidingsurfaces
can~oceed, which causesfailureof the Mbricsnt. A frictionstudy
of the sMding ratesin con~unctimnwith additiveactionis nf3ees-
saryto determinethe limitations.An investigationwas therefme
conductedat the NACA Clevelandlaboratxmyto determtnewhetier
slidingveloci~ is a Mmiting factorin lubricationre@ring
exbame-pressureadditives.
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The kinetic-frictioncharacteristicsof steelspecimenslubri-
catedwtth cetane(norml hexadecane)and with cetanecontaining
free sulfurm Wnzyl disulfideas extmeme-pemme additiveswere
~n~ detemdned. ‘lheeffectsof cmcentmationof free
mMur on frictionand surfacedamagewere also detemined. Cor-
relatim datawere obtainedwith cetaneon a specially~epared
sOMa film of femous sulfide. !lheinvesti~tionwas made witi
b3dS from 269 to 1543 grams (126,000to 225,000lb/sqin., ini-
tialHertzsurfacestress)at slidingvelocitiesup to a~taly
6000feet per minute. Wiction measurementsweretie by me&m
of an app,mtus tit bastcallycmsists of an elasticallyrestraimd
sphericalria~ slidingin a spiralpa~ on a rota- disk. 5e
s@al pathfolldwedby the riderwas made to tie that the tia=
Was at all Wms contactingvirginsurfacesof the disk. This
researchis an e*icm of thatreportedin references3 and 4,
which~esent basicinformationnecessaryto the analysisof the
research~p-a herein.

e

Al?Mwms Am PROCEDURE

me experimentalfriction sad wear studieswere conductedwith
essentiallythe sameequipmentthat is desmbed in reference3,
but drivenby a hydraulicmotor. A Magramatic sketchof the basic
partsof the apparatusis presentedin figure1. !lhe@ncipal
elments of the apparatusam the specimens,whtchare an elastically
restrdnd 13PIwic.altiaOr and a rotatingdisk. !Ihefia= is loaded
by wei@rtsap@2ed alongthe verticalaxis of the riderholder.
?trictionfmce betweentie riderand the disk 3s measuredby fom
straingagesmountedon a cuppm-berylliumdymmcmeterring. !Ihe
forceis indicatedby eithm a recording-cm an iniftcating-~ecali-
bratedpotentiometer.The coefficientof friction ~ is cqti
from the equation

where F is the measuredfiction forceand 1? is the applied
Ilomalload.

A motor+3rivenradial-feedmechanism,calibratedto ixilicate
radialpositionof the ria=, causestie riderto traversea spiral
path on the rotatingaim so thatno cmrlapp~ of the wear tracks
occurs● Zhe dtsk is mountedon a flywheelthat is supportedand
100t3-kabY b-~e lhe rotatingspecimenis driventhrou@ a



4 WA ‘TNNO. 1720

flexiblecouplingby a hydraulicmotm operating@m constantpres-
surewith speedadjustedhy mrytng We flow of hydraulicfhia;
~S —-3e-t ~OWS t30~ sped c~~ol ~er a =ti~&S~Q3
velocitiesbetween50 end 18,000feet yer minute.
riderare covered,permittingthe operatingatmosphme of driedair
to be slightlypressurized.

The systemfor drytng the & fm the operatingaimos@ere con-
sists,in series,of a filtertube48 incheslong containingsurgical
cotton,six silica-geldryingtubes,and an 8-inchtube containiq
actt=tea d.undm. !450air is sup@ied by the lalmatmg coqressed-
air system.

JR conductingthe e~miments, the disk is r0t2t0a at a ~e-
determinedspeedand,By meansof a = ~t> me 1~~
rideris luweredontothe diskas tie miiialfeed is started. As
the tiaer traversesthe disk,frictionforceis observedor recorded
with a potentiometersad diskrotativespeedis determimd with an
electricrevolutioncounteraml a synchronizedtimer. The run is
tmndmated by Mfting the riderfrom the disk surface. Mmn slldimg
veloci~ for the eqerim.entwas c~d8a from tie recmded rotative
disk speedad the mean diameterof the rider~th. The changein
diameterof the tia~ pth on the diskresultzlngfrom the radial
tmml of the tiaer mused a mxmm.nn atiti~ in Bliimg velocity
of apprmdmtely 3 pmcent from the mean value. An unwornarea of
a riderwas used in eachrun. ~ additionto the frictionruns,
specialw- runswere made for each set of specimensat 2000feet
per minutefm 6 seconds.

As repcmtedin reference3, mcOn-&OUed variables, such as
wear of the rider, natural frquedcy of tie restmining assenibly,
and tib&ationsinducedby the drimlngmechanism,had no ap~eciable
effeet on the accuracyof the data.

The physicaland physicochcmdmlcoalitionsof th9 suMace and
the submmfacematerialof tie researchspecimms were studiedbefore
and afterthe sliding-frictionexperimentsby means of surface-
rou@ness and surface-~ss measurements as weXl as eleclmm-
dif~ction and metallographictechniques.Duringtie e~eriments,
no measurablechmge in surfacehardnessOcc-ao l%causeof the
mass surfaceweldingoMa3ned and consequentextremesurfacerou@ess$
smzPace-finishmeasurementswere not significant.

The frictionb% presented~e completedatafrom a representative
expmhmnt fm eachlubricant-additivecanibination,selectedfrom a
mass of dataflvxuseveralexperhents m eachvariable. Far COIII.- ,
parisonpurposes,a load of 269 gramsis used for the m$ori~ of the

.— ——— _ . . ... -. . --—
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cumes presentedbecausethis ha producesan initialsmface stiess
(326,000lb/i3qin.,Hertz)that is in the range of ltmit~ values
used in designof componentssuchas aircraft-enginepropel.lm-
reductiongearing.

sl?Ei-jJMmz?REeARA!I!I~ ,

As pointedout in references3 and 4, carefulpreparationof
spec~ns was foundto be the most importantsinglerequisitefor
successaf the eqmr~nts. me disk specimenswere finishedand
clesnedaccmling to the detailedproceduregivenin reference3.
The disk surfaceswere so finishedas to minimizesurfacemmking
and to givea uniform,nondirectiomltiace finishwith a rou@ness
of 3 to 6 microinchesrms as measuredwith a Frofilmeter. me 13-
inch-outside-diameterdisk specimenswere of nmmalized SAE 1020 steel,
Rockwellnuder A-50. Zhe rider specimensusedwere ccmmrcial balls,
1/4 inch in diameter,of ME 1095 steelhardenedto Rockwellnumber
C-60. Theywere not subjettedto I.almratoqfinish@ operations
beforeuse but were cleanedand rinsedin 190-~oof ethylKlcohol.

In.mder to evaluatelyoperlytie effectof the extmme-~essure
additivesin theseexpertits, it was necessaryto selecta base
lubricantthatwould introducea minhmm of experimentalvariables.
Cetane CH3(~)14CH3 was selectedbecauseit is liquidat the tem-
peratureof the e~eriment and is readilyavaihble in a pure state
(~ -W, 95 percent). !Thecetanewas stmed in a darkroom
to preventthe _tion of its oxidation3y lightad was percolated
throughfullerlsearth,alumina,ad silicagel immediatelypriorto
itsuse in aay experhuentin mder to remme my polarcompounds.
Umeported ~e~ resultsObbma with cetane not handled with
such care were in pow ~eement and served to indicate the necessity
for these ~ecauticms to prevent contamhmtion. The measured index
of refraction for tie percolatedcetaneused in thesee~eriments
(?D20) ~S 1.4347,~~~ iS we e=ct ~ue @ven for p~e ce~ fi
reference5 d indicatestie high puritgof the material.used. Tbe
lutmicsntsd additiveswere &eShly mixedfm eacheqmr~nt and
were heatedto appro_tel& 110°1?ta acceleratefmmation of the
solutims. me ndxtureswere m~a to cool to rocm temperature
before use.

The lubricantswerehandledat all t5mes’in glasswarecleaned
in a cleaningsolutionand were depositedon the disk spechn 3Y
dropsfrcm a cleanplatinumdipper. Afterthe lubricanthad spreed
overthewhole surface,the diskwas rotatedat tiemximm speedof
the experiment(approximately2500rpm) for 5 mlmutescausingthe

.- -——-. . ... .—-— . . .. . .. . —.— ~— —..
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excesslubricsntto be thrownoff
All experimentsfor one diskwere

NACA TN NO. 1720

lea+lngonQ a very tiinfilm.
completedwithinan hour of dep-

osition~of the film in orderto e13minateevaporationof the fW
as a veriable. Yrelimimirye~cirimentsindicatedWt reproduc-
ibill~ of a run couldbe obhined wtthinthe l-hourperiod.

RE3ULZSAItOD133CUSSION

Effectof sliding Veloci_@for InitialHertzStiess

of 126,000YoundsPer Sqwre M

Comparativeexperimentswith sulfuradditivesas tie @mary
‘Wriablewere co@eted usinga load Wet producedan initialHertz
surfacestressof 1?6,000poundsper squareinch. Surfaceshesses
approachhg thisvalueare of @mry interestin dOsignof gear-
reductiOnunitsbecausethis stressap~ximtes the mxdmum desi~
mlues cammcmlyused. 938 resultsOb-kma in this mnner w3thin
~ctical -S of slidingvelocitiesshOtia be applicable to

q cmrent de9i~ pro}hms. Su’’sequentdiscussionextendsthe
=es of oP~.t@3 v=iables beyondpresentusageto prmde basic
informationthatmy be used in futuredesignsfor more exlmme
conditionsof iod d sliding velociw. .

Effectof base lubricant.- The effectof slidingvelocity
on frictionof specimensltiricatedby pure ceteneis shownin fig-
ure 2. In comparingthesedatawith the curvefor dry-ste61speci-
mens (reference3), it is of Wterest to note the extremelyhigh
coefficientof frictionvalue (slightlyover1.0) observedafter the
Mtiel failureof the lubricantfilm. The Mtial lubrication
failureis indicatedby the extremeincreasein slopeof the friction
curvethat Occ~a at a slidingvelocityof approximately1500 feet
per m3nute. It is possiblethat the lubricantfailurewas causedby
oxidationof the cetane~ its resorptionfromthe slidersurfaces~ or
its breakduwnintocmponents of lesserlubricatingproperties.
Frictionvaluesof suchmqgitude for lubricatedsteelon steelaE
Wdicated afterinitialfailurdof the lubricantem unusualand it
is consideredprobablethatthe lubricantshowedsucha greateffeet
on frictionby its possible~reventionof the fomation of effective
surfaceoxides. The rolesof surfaceoxideson slidershave been
studiedand discussedby memy investigatorsj as summarizedin
reference4; in particularthe resultspresentedin reference6
indicatethat,for readilyoxidizedmaterials,the lack of an effec-
tive oxidefilm couldcausefrictionincreasesof themagnitude
shownin figure2 for the ce&me-lubricatedsteelsurfaces.

.

—.-.-————.—— . . .—. , — —.- —–- . . — ..
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lMfectof concentmtLonof free sulfur.- The
the effectsof concentrationof sulf?min the base

investigation of
lllbricantwas

limttedby the sulfur soluWlity. Tbe maximmnamountof free sulfur

that couldbe dissolvedin cetane at room temperaturewas $ percent
by wei@rt. Crystalsof suJf%rwere observedon the frictionspeci-

mms duringthe comse of the e~r=nt with 1$ percentof su2fur.
Thesecrysbls were also obsmved, in lessm quantity,tith solu-

tionshavtcgl; prcent d sulfurbut were not olmxrvedwith my of

the otherconcentrations.
.

!Iheda-hiof figure3 showthe effectof dia~ veloci~ on
f%ictionfor steelsurfaceslubricatedwith cetanecon%ining tree
sulfurat an initialHertz stressof 126,000poundsper squareinch. ,
IMgure3(a) showsthe effectof 0.5-percentfbee sulfurin cetane
and indicatesa lubricationfailuresomewhatsimilarto thatfor the
pure cetane(alsoshownfor comparisonin fig. 3(a))in approximately
the same speedrange (1000ft@n as c~a to MOO ft/minfcm
ceimne). me curvealso M&at-es that the coefficientof friction
is generallyimlepndent of slidingvelocityin the rangefrom WOb
to 7W0 feet per minute. me pointsthatdefinetie curvefm cetane
plus 0.5-percentfree sulf%rare all the data fhm five experiments
and are includedto showthe e~emimentalemor. The experiiiental
errorin coefficientof flrictionis within+0.02 exceptin isolati
casesand this emor representsthe maximm I.&itfor all the experi-
ments.

,
The effect,of concentrationof dissolvedfree sulfurin cetane

on fiction at high slidingvelocitiesis shownin figure3(b).
Theseresultsindicatethat in all casesincreasedconcentmtion
reducedfrictionand that the effectwas more pronouncedin the
mediumramgeof slidingvelocities(WOO b 4000ft/rein)afterthe
lubricationhad dmdy undergone an initial breakdown. The ini-
tial brealduwnof tie lubricationis consideredto have occurred
in the rangeof slidimgvelocitiesat-ap~c@mately 1000feet per min-
ute for all the concentmtions,althou@ the degreeof failure
variedconsidmably. Becauseinitiallubricationfailuresfm the
variousconcentitionsof milf’uraXl occurredwithina ccmyratively
smallmmge of slidingvelocities,the Mmiting conditionsof sliding
ratesmay have been reamed at which the rate af slidingexceeds
the mte at whichan effectivechemical~eactioncan occur. !lhelow

valuesobtainedwith concentmtims of 1~ and +-percent sulfurmay
have been the resultof tie fbee crystalsof sulfuron the disk
surfaces. Evaluationof the role of suchcrystalsin the frictim
resultsis not
be undesirable

consideredimpca%nt because‘&h precipitationwould
and couldnot be toleratedin ~ctical applications.

#

—.—— —.. ——--- ——- -—-— -.—— —- —. -— —--- —- . ..—. — —-.—— —-. -
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In mder to showmore ~phically
red in the rangeof slidingvelocities

NACA m NO. 1720
●

-thatlubricationfailureoccur-
at appro~tely 1000feet

perminute,a series of photomimographs were obtained fm wear areas
on rider spechms afterruns at variedslidingvelocitieson a disk
lubricatedwith cetsnecontaining0.5-p3rcentsuMm. ~ese photo-
tic3mgm@s, ~esented in figure4, showthat nmmal abrasivewear
occurred.at slidingvelocitiesof 1000 feet per minuteor lesswtth
no indicationof surfacewelding(figs.41(a)to 4(c)). At 1500feet
per minute(fig.4(d)), the rider surfaceshowsmckienceof appre-
ciableamountsof materialtcransfmby surfacewelding;althou@ the
iditia~ ~las my be of s&U mgnitude, this appearanceis con-
sideredindicativeof lubricationfailure. Ih all casesat the
hi@mr slidingvelocities,mms surfaceweldingof the type E&m
In figures4(e) and 4(f) occurred. !Ihematerialtmanderredwas
sufficientto eslxhlishnew wear areas;thtsappearance indicates
completelubricationfailure. No quantitatim comparisonof wear-
area Uametms canbe made in figure4 becausethe slidingdistance
was not the samein &U_ cases.

A seriesof photicro~phs of r~sen~tive wear areasof
\ Mder specimensafter 6 secondsslidingwith a load of 269 grams

(126,000lb/sqin., initialHertz stress)at 2000feet per minute
slid@ velocityon dialssurfaceslubricatedwith severalconcenti-
tims of suMur in cetaneare ~esmtid in fQgme 5. For refer-
enceproposes,representativedisk surfacesare also shownin fig-
ure 5. Ed dist!nctdiffmence etistsbetweenthe wear tmackson
the disk surfaceslulmkated with the varioussolutions;consequently,
only two representativephotcmkrogmphs are presented. ~ allll.cmes,
includingthe I.SO-percentsuMm concenimatton,the i@ications of
mass surfaceweldtngshowthat the lubricationhad failedunder these
conditions.This WLicaticm holdsfm tie hi@ sul&urconcenimations
in spi~ of the low frictioncoefficientsolrMned wtth thesecon-
centmtions.

It can%e seenflmm figures3 to 5 tit at 2000feet per ratnlate
all.tie lubricantshad experiencedthetiinitialfatlmresas deter-
minedby upwardfrictiontrends,abnorml surfaceUsturbancee,m
both. !thefia8r photmdcrographs of figure 5 showthat Iikrehave
bem largemterid transf~s to the ridersam the experiments,
which is further mdence of the fdlure of the lubricant. &terial
tmansfersd suchmagnitudemust be considereddistinctfroIuthe
minutetransferof material,whichprobablyoccursin all boundary
lubricati-on(references7 aud 8). ~ fifpmes4 and 5, the material
imnsferred to the riderwas of sufficientmgnitude tit co@etely
new wear areaswere establishedon theweldedtransferredmterial.
The transferredmaterialmust have been stronglyweldedto the rider
to enablethe weldedrmterialto supportthe largeunit loadsand the
transversestressesthat occurredduringsliding.

-— ..- _.. —.
,,
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lhe we d’ smi%ce dsmge as seenin figure5, was not notice-
ably influencedby the additivecmcembmtion, althoughthewear
surfacewas much betterdefinedon the specfmensused in the expm-
hents with cetznecontainingno additive. lh dl the em.eriments,
it is quiteobviousthatat the conditionsof slidingfor the speci-
mens in figure5 thewear ~ocess consistedlargelyin establishing
and b- lar~ welds,&ms _tear@ materialMm the sliders,
rathertimnabradingor plowingas is characteristicof effectim
boimdarylubrication(figs.4(a),4(b),and4(c) and aJ-sofig. 9(b)
of reference3).

Effectof cetane on solidferroussuMide film -ti an attempt
to deterndnewhethm ferroussulfidewas the primaryreactionprduct
formedon steelsurfaceslubricatedwi~ sulfuradditive Mmicants,
e~eriments were conductedwith disk mmfaces ~etmated, as described
in reference4, to have s03.iafilms of ferrous Wide and these disks
were then lubricated with pure detme. It ~S thOU@t that SOIMCW-
relatim of the frictionresultsmi@t be ob&3ned thatwould indicate
whetiereffectiveferroussulfidevas formedon the dia=s in the
~esence of sulfhm additive lubricants at sliding velocities higher
than that at which the initial lubricant failure 00curred.

we data obtainedwith cetaneon ferroussulfideas weU as
referencedab fm pure cetane,cetaneplus 0.5-percentmilfm, amd
dry s02iaferrous-de (ticmreference4) are presentedin fig-
ure 6. H the relativeeffectsof the base lubricantelement and
of the additive element could be. separated and if these effects
are nonaddictive, the meammd f&iction value when both are pesent
wouldbe expectedto be thatfm tie elementgiving the lowerfric-
tion. lb otiermrds, tie elementwhich causesthe minimumfriction
wouldbe predominant.Ws e@anation ~ we resultsof figure6
holdsfor slidingvelocitiesabove2000feetper minuteh Ws
experiment;however~fm the lowervelocitiesit dcesnot hold for
mm unlmom reason. Above2000feet per minute,the datareprduce
very closelythoseobtainedfm dry-ferrous-sulfidefilms,which
were repmted in reference4. ~ese data indicatethat,at those
ccmlitions,the cetxmehad m effecton frictionad it is con-
sideredpobable that the heat energ releasedat the hi@er slid-
ing velocitieswas sWficient to causeoxhlationof the cetanem
its deswptim frm the slidersurface.

Itisintmestimg tonote thatin fiW6thecmvefm pure
cetzmmon cleansteeltitersectstie curvefm dry femous sulfide
near tie POW at which the curvefm- cetane-hibricatedferrous

.
. . . . .- . ..—.— .. —-- -— -.. -.—— ——. —._ —.. . ...—— .—— —. — .— ———
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sulfidebecomesasymptoticwith thatfor dry fmrous sulfide. This
occurrencemy furtherindicatetit oxidationor resorptionof the
effectivelulmicatingfilm of cetaneoccmred at a slidingveloci~
of approximtdy 2000feet per minute.

The minbm-friction pointsfor the cetane-lubricatedferrous
sulfideoccurredat the luwestslidingvelocitiesend corresponded
verycloselywtth thosepointsObkma with the additivelubricant
on cleansteel. The disparitiesbetweenthesecurvesat sliding
velocitiesfrom 500 to 3000feet per rdnutemay indicatean effect
of someunlmownveriable. ~ese inequalitiesmay be partlyexptid,
however,if the failureof the lubricationby cetaneis considered
to be causedby oxidationratherthan resorption.Sulfurcompounds
are comonly used as ddation inhibitorsin petroleumproducts. ‘
If the suMur additivein thesee2rperimentsacts as an ofidatim
inhibitorand the failme of cetzmeis causedby oxidation,the dis-
paritiesbetweenthe curvesfor pure cetaneon a ferrous-sulfide
film and that ob%ined wtth cetanecontaininga sulfuradditiveon
cleansteelcanbe resolved. Ih thismanner,the su3fm wouldretard
the oxidationof the cetaneand therebydelaythe lubricationfailure
untila hi@er KIMing veloci& was reached.

War areason the riderad disk specimensafter 6 secomlsof
operationwiiiha lead of 269 gramsat a slidingveloci@ of “
2000feetper mimntewith the disk eurfacecmsisting of prepared
ferroussulfidelulmicatedwith pure cetaneere ehownin fig-
ure 7. ‘lhe~ of surfacedisturbanceis gene- comparablewith
that obsemed for dry ferroussulfidein reference4, ali%o@ tie
wear is more of the abradingtypewhen cetam is present;the ~e-
sence@ the cetane,huweva, causeda reductionin wear (wear-spot
diameter,0.030in. as camparedto 0.043in. from reference4).
Thereis no indicationof sevme surfaceweldingin thesephoto-
ticrographs,althou@ the wear was greaterthan tit experienced
in most experimentswith cetaneas the lubricant. The trating edge
of the wear spoton the @der (leftedge of fig. 7(a))showsan
accumulationof extmneous materialthat is believedto be ferrous
sdfide fmm the disk.

Effectof benzy1 disulfideas additive.- Free sulfurwas selected
as tie additivein the experimentsrepor~d becauseit was readily
avatlablein a pure form,and consequentlythe effectivenessof the
additivewouldbe Hmitea to the effectof tie suMur alone.Ormnic
sdfur compoundssuchas _benzyldisulfih are me ccmnonlyuses in
exizwme-pressurelubricantsthanf%ee suM7m. -19s of the use
af bothWmzyl di-ide and free sulfuras lubricantadtitivesare
containedin references1 and 9. lh orderto checkthe effactiveness

——— .— . . –~-— -- —.~~- ——
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of free sulfuras comparedwith otherties of milfimadditivein
ccmgmmiledMbrimnts, experimentswere made h determinethe rela-
tive effectson slidingfiction of equalconcen-tions of sulfur
obtainedfrom eitherbenzyldis-ikmdeor free sulftm. !l!beresults
of thesee~iments are shownin figme 8. Thesefrictionresults
agreecloselyat aiahg velocitiesbelow 2000feet per ndnute and
also there was essentiallyno Mfference in the initialpointsof
lubricantfailme. At the hi@er slidingvelocities,the dataagree-
ment is not witidnthe rangeof normalreprducibili~. Thisdis-
~eement my be ascribedto udmmm constituentsin the cmmercial
additiveused. It is interestingto note thatthe curvefor
0.75-percentfree sulfur(fig.3(b)) checksthe curvefor O.S-pm’cent
sulfurusingWnzyl disulfide(fig.8) very closelyat the higher
slidingvelocities.

Effectof s~a~ Veloci* for Variable I&de

h ader to establish further the effect of rate of chetical
reaction on lubricationby sulfuradditivelubricants,it was con-
sideredimportantto determm the effectson the pointof lubri-
cantfailure(asdetemined by frictiontrend)of the heat gen-
eratedby a variableothm Khan slidingvelocity. lmreased loading
is a convenientmmmer of inmeasing the quantitiesof work energy
dissipatedas heat in frictiontithoutchmging otherimportant
variables. It has been inilicatedby lkmdenand Ridler (reference10)
thatwiti slidingvelocitiesof the magnitudebeingc~idered, at
all exceptvery I_Qjhtloads,the localsurfacetemperaturesare
probablyindepefientof load. Fun&amentaUytherefore,if tempera-
tureis tie factorof primaryQmrtance in the rate of chemical
reacticmby the additive,load shouldhave littleeffect. !Ihelarger
amountsof work ener~ releasedat higherloadswouldprobablybe
reflectedin highermass temperatures.such cO~ia~ti~ intrduce$
as a factorpossiblyof primeituportmce,tie mechanicalactivation
of chemicalreactims as descrilmdby Shawin referenceU.

I@mhnents were conductedwiti specimenslubricatedby cetane
containing0.5-percentdissolvedfree sulfurinasmuchas that con-
centrationis in the intermediatesolubilitirangead is used in
comercial oils. ‘l%eresultsof theseexperiments,Wesented in fig-
ure 9, showthatthe initiallubricationfailureoccurredat very
nearlythe same slidingveloci<@for a numberof loads,although
a mall effectof load is apparent. Thesedata inMcate that the
pointof initiallubricantfailureis very nearlyindependentof
loadand thereforethatthe quantityof heat energyreleasedis insuf-
ficientto sf’feciap~eciably *e rate of chemicalreaction. It is
interestingto observethatat a slldingvelocityof 3000feetper
minutefrictionis suWkmtialJy independmt of load. W genmal,
othersilfurconcenimationsshowedthe sameeffectof load on friction.
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!Ihefrictioncurvesfm both dry and lulrica.tedsteelssre also
presentedin figure9 for comparisonmlth the variable-loadcurves.
Both of thesecurvesare for loadsof 269 to 1017 grams (126,000to
194,00Clb/sqin.,initialHertz stmess). The variable-loadcmves
for O.S-percentsmlfurin cebne idicate that,at speedsabovethe
initialpointof failure,tie agreementof coefficientof friction
valueswith thosefor dry steelis god.

An experimentalinvesti~tionhas been conductedwith a kinetic-
frictiona~tus consistingbasicallyof an elasticallyrestrained
sphericalrider slidingon diskslubricatedwith cetane(normal
hemadecane)containingsev&al concentrationsof free sulfurin
solution. Zhe experimentswere conductedovera rangeof velocities
between50 smd 8000feetTer minutewith loadsfrom 269 to 1543 grams
(12,000to 225,000lb/sqim, initialHertz surfacestiess),and with
supplemmkl studiesus= standmxlphysical,chemical,end metal-
lurgicalequipmnt ml techniques.The follmm resultshave been
obsemd:

1. 3iI~ort of the theorythatrate of chemicalreactionis
a limitingfactorin lubricationby etiem -pressureadditivesof
surfacesoperatingat hi~ slidingvelocities,the expmxlmentsindi-
cateddefinitelubricationfailuresat hi# slidingvelocities.TMs
tieoryis not Umtted to tie conditionsof theseexperimentsbut my
alsobe of importancewith otheradditiveswithinrangesof sliding
velocitiesthatme of ~racticalimportance.

.
2. Free sulfurin cetanewas an ineffectiveefieme-pressure

lubricant for use at slMing velocities abme approximately 1000feet
per minute. Abovethatvelocity,completefailureof lubrication
occurredwith acccmpm@mG increasein friction,mass surfacewelding,
or both.

3. Variationsin loadand in sulfurconcenktions had no appre-
ciableeffecton the slidingvelocityat which lubricantfailure
occurred. Thesefactorsinfluencedthe frictionvaluesbut did not
_ the point of failure. Wiction decreasedsomewhatwith increased
sulf’mconcentrationand in the regionof the initialslidingveloc-
ity (1000ft/min)frictionincreasedwith ~eater loads.

4. It was impossibleto sep&ate completelythe relativeeffects
of thebase lubricantad the solidferrous-sulfidefilm,but it
was shownthatthe cetanelubriqtion failed‘atslldingvelocities

—— —--– ...,, .,,
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greaterthana~roximtel.y2000feetyer minute. !l!hisfaihme my
have been causedby oxidationof the cetaneunderthe conditions
of hi@ energyai8Sipdi0n.

5. Erictionvaluesobtainedwith pure cetaneon steelwere
umsuaUy hi@ at hi# sUding velocities.me cetanefilmwas .
believedto have shownsucha greateffecton frictionby it% pos-
siblepreventionof the formationof surfaceoxides.

LewisFlightPropulsionIabomkmy,
NationalAdvisoryCommitteefor Aeronautics,

Cleveland,Ohio,July 26, 1948.
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